We report on the lattice location of implanted Ni in ZnO using the β − emission channeling technique. In addition to the majority substituting for the cation (Zn), a significant fraction of the Ni atoms occupy anion (O) sites. Since Ni is chemically more similar to Zn than it is to O, the observed O substitution is rather puzzling. We discuss these findings with respect to the general understanding of lattice location of dopants in compound semiconductors. In particular, we discuss potential implications on the magnetic behavior of transition metal doped dilute magnetic semiconductors.
Since the magnetic behavior of a specific dopant-host combination is largely dependent on the material's local structure, the precise determination of the dopants' lattice location is crucial for the understanding of DMS materials. In ZnO doped with Ni (high doping regime, i.e. few atomic %) either during growth [9] [10] [11] or by ion implantation 6 , Ni has been found to substitute only the cation (Zn), based on extended X-ray absorption fine structure (XAFS) experiments. 6, [9] [10] [11] Making use of β − emission channeling, we have also observed pure Zn substitution by 3d transition metals, namely Fe 12 and Cu, 13 in the very dilute regime (< 0.02 atomic %). However, for other 3d transition metals (Mn and Co) also in the very dilute regime, we have recently observed minority O substitution (∼ 20%), 14 which is remarkably unexpected based on the general understanding of lattice site preference of impurities in compound semiconductors. Such a dependence on transition metal impurity, without an obvious trend across the 3d series -for example, a clear dependence on atomic number Z: Mn (Z = 25), Fe (26), Co (27), Cu (29) -suggests the existence of an intricate underlying mechanism which is yet to be understood. Crucial for the formulation of such a mechanism is a comprehensive investigation of the conditions under which a) lino.pereira@fys.kuleuven.be anion substitution occurs, in particular, regarding which transition-metal/host combinations can accommodate it.
Here, we report on β − emission channeling studies of the lattice location of implanted Ni (Z = 28) in ZnO, in the very dilute regime (< 0.02 atomic %). Emission channeling 15 makes use of the charged particles emitted by a decaying radioactive isotope. The screened Coulomb potential of atomic rows and planes determines the anisotropic scattering of the particles emitted isotropically during decay. Since these channeling and blocking effects strongly depend on the initial position of the emitted particles, they result in angular emission patterns around major crystallographic axes which are characteristic of the lattice sites occupied by the probe atoms. As radioactive probe we used 65 Ni (t 1/2 = 2.5 h), which has recently become available at the on-line isotope separator facility ISOLDE at CERN.
65 Ni is produced by means of 1.4 GeV proton-induced fission from uranium carbide targets and, following outdiffusion from the target and element-specific ionization by means of a laser ion source, 16 • to minimize ion channeling, using an energy of 50 keV, resulting in a peak concentration of 7.0×10
18 cm −3 (0.017 atomic %) at a projected range of 231Å with a 109Å straggling, as estimated using SRIM. 18 In this low concentration regime, phase segregation and extended beam induced disorder are minimized, both of which occur for Ni concentrations in the atomic % range 6, 8 (discussed in more detail below). Angular-dependent emission yields of the β − particles were measured at room temperature along • C annealing). Each data point corresponds to the best fit obtained using two given sites, with the corresponding two fractions as free parameters. The site pairs are composed of SZn plus each of the simulated sites along the c-axis (depicted above the plot): the SO and the T sites, the BC and AB sites along the c-axis and a number of intermediate positions. • C, 600
• C and 900
• C. These patterns were recorded using a positionand energy-sensitive detection system similar to that described in Ref. 19 . Given the short half-life of 65 Ni, this system was installed on-line and upgraded with selftriggering readout chips for the Si pad detectors, enabling measurements during and/or immediately after implantation with count rates of up to several kHz.
20
Quantitative lattice location is provided by fitting the two-dimensional experimental patterns with theoretical ones using the fit procedure outlined in Ref. 21 . The theoretical patterns were calculated using the manybeam formalism 15 for probes occupying various sites in the wurtzite ZnO structure:
22 substitutional Zn (S Zn ) and O (S O ) sites with varying root-mean-square displacements, the main interstitial sites, i.e., tetrahedral (T), octahedral (O), hexagonal (H), bond-centered (BC) and antibonding (AB), as well as interstitial sites resulting from displacements along the c or the basal directions. For all four measured directions, the calculated S Zn patterns gave by far the best agreement, showing that the majority of the probe atoms occupy S Zn sites, as expected. The fitting routine was then allowed to include, in addition to S Zn , an additional lattice site, for which all simulated sites were considered. Consistently for all measured directions, the S Zn + S O double occupancy gave the best fit compared to all other combinations, and considerably improves the S Zn single-site fit, with up to 25% lower reduced χ 2 . This is illustrated in Fig. 4 , showing the reduced χ 2 of the fit as the non-S Zn site is moved along the c-axis between two neighboring S Zn sites (these sites are indistinguishable along the the [0001] direction, which is therefore not included). Consistently for all three directions, the best fits are centered at the S O site. The sensitivity of the fit (in terms of magnitude and "width" of the improvement in χ 2 ) is correlated with the spatial separation between Zn and O rows along the channeling axis (depicted in the bottom right hand corner of other sites are estimated to be below 5%. Figure 6 properties of impurities. Therefore, the observed anion (O) substitution by a transition metal impurity such as Ni is rather unexpected, since the electronegativity and ionic radii of Ni are much closer to those of Zn than of O. In previous lattice location studies on ZnO thin films doped during growth (high doping regime, i.e. few atomic %), the XAFS spectra have been satisfactorily fitted with pure Zn substitution (e.g., Refs. 9 and 10). Lattice location studies on Ni-implanted ZnO are very scarce, especially in the low concentration regime studied here. In the high concentration regime, precise lattice location is hindered by the highly disordered surroundings of the Ni impurities. For example, in ZnO thin films implanted with Ni to concentrations of 1-10 atomic %, the majority of the Ni atoms are located in regions so heavily disturbed that the local wurtzite environment is lost, 6 making it also difficult to identify (or even define) any lattice site (including O-substitutional sites). Relevant for this discussion is also the reported segregation of Co into intermetallic CoZn inclusions in Co-doped ZnO (high Co doping regime, during thin film growth), detected by XAFS. 25 In principle, if a similar NiZn phase would form, it could potentially lead to a fitted Ni O fraction. However, these intermetallic phases are incommensurate with the ZnO wurtzite structure. Therefore, even if a large fraction of the Ni impurities would have segregated into such phases, only a very small fraction would be aligned with the axes containing the O sites (simultaneously along the four measured crystallographic directions), and the majority of the Ni impurities would actually be located in poorly aligned sites (i.e. would contribute with a random fraction). This scenario is inconsistent with our data, since virtually all the Ni (within an experimental uncertainty of a few %) is located in high-symmetry Zn and O sites. Furthermore, such pronounced segregation (> 20% of the Ni impurities) is extremely unlikely to occur in our case, given the very low Ni concentration and the fact that the Ni O fraction is observed after implantation at room temperature (i.e. even before high-temperature annealing). but the good match with Zn 2+ , by the match of electronegativity, and by their character as semimetals.
27,28
However, none of these arguments help explaining the observed minority O substitution by transition metals, on the contrary. As mentioned above, the electronegativity and ionic radii of Ni are much closer to those of Zn than of O and, in addition, 3d transition metals are chemically more similar to post-transition metals such as Zn than to non-metals such as O. In fact, the observed O substitution is so unexpected that theoretical considerations of the phenomenon are very limited. The case that has been considered theoretically which most resembles anion-substitutional transition metals is the concentrations (since the formation energy for the lower charge states can be expected to be larger [29] [30] [31] [32] ). Such a selectivity mechanism would explain why we observed O substitution for some transition metals (Mn, Co and Ni) and not for others (Fe and Cu). Ab initio density functional theory calculations similar to those reported for Zn O in Refs. 29-32 could be used to verify if this scenario indeed applies. On the experimental side, a systematic (re)assessment of the lattice location of transition metals in ZnO and GaN for different preparation methods and growth conditions, carefully taking the possibility of anion substitution into consideration, would also greatly contribute to the understanding of the underlying physical mechanisms. A crucial step would consist of XAFS studies on a system for which our emission channeling measurements have shown anion substitution (Mn, Co, or Ni-implanted ZnO, or Mn-implanted GaN), prepared in identical conditions, i.e. 30-60 keV implantation, at room temperature, to a fluence of ∼ 2×10 13 cm −2 . Such studies would greatly complement our emission channeling results, by probing the local environment of anionsubstitutional impurities, for example, in terms of the role played by other point defects such as anion or cation vacancies. Such a detailed description of the impurity lattice site and local environment, obtained from the combination of emission channeling and XAFS measurements, would then greatly simplify the theoretical assessment of anion substitution phenomena, for example, in the form of the ab initio calculations mentioned above (by narrowing down the otherwise numerous possible defect configurations).
Regarding the effect of minority anion-site substitution on the magnetic behavior of wide-gap DMS materials, although it has never been considered theoretically before, one can argue that it is more likely to negatively affect eventual mechanisms of ferromagnetic interaction. For example, in Mn-doped GaN, the type of magnetic interactions between Mn Ga moments is charge state dependent.
33 Since anion-substitutional transition metals are most likely donor defects, as suggested above, Mn N may convert ferromagnetically interacting Mn
3+
Ga into antiferromagnetically interacting Mn 2+ Ga , as has been described for other donor defects.
33 These effects are likely to be general to transition metal doped ZnO, GaN and even other dilute magnetic semiconductors. Conceptually, such a (self-)compensation mechanism by minority anion-substitutional transition metals is similar to that of interstitial Mn in GaAs, 34,35 also a donor which compensates acceptor and ferromagnetically interacting Gasubstitutional Mn.
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In summary, we have experimentally determined the lattice location of implanted Ni in ZnO in the low concentration regime (< 0.02 atomic %). In addition to the majority on substitutional Zn sites, approximately 20% of the implanted Ni atoms were found to occupy O sites. Both Zn-and O-substitutional fractions were virtually unaffected by thermal annealing up to 900
• C. Being difficult to reconcile with the established scenario of pure cation substitution, these findings raise two fundamental questions: (1) What mechanism determines that, under similar doping conditions, some transitionmetal/host combinations accommodate minority anion substitution and others do not? (2) How does minority anion substitution affect the magnetic properties of dilute magnetic semiconductors?
